Tumor cell lines are an indispensable tool for cancer research. However, among cell lines of the same pathological group, heterogeneity has been detected in gene expression, gene mutation, and cellular response to various treatments. In this study, we systematically investigated the extent of heterogeneity of gene expression in three glioblastoma cell lines using cDNA array technology in which the expression of 588 cellular genes is studied simultaneously. Comparison of the expression pro®les revealed substantial qualitative and quantitative heterogeneity. Among the 588 genes, 197 genes were expressed in all three lines and 56 genes were not expressed in any of the three lines; total of 222 genes were expressed in only two of the three cell lines, and 113 genes were expressed in only one of the three cell lines. These results provide molecular evidence that cell lines of the same pathological origin can be highly heterogeneous.
Introduction
Hallmarks of cancer cells include enhanced cell proliferation and attenuated cell death. Studies have shown that cancer cells accumulate genetic and epigenetic alterations during disease progression (Fearon and Vogelstein, 1990; Nowell, 1976 Nowell, , 1986 Weinberg, 1989) . Late-stage cancer cells are characterized by extensive chromosomal abnormalities, gene mutations, altered gene expression patterns, and extended lifespan (Fearon and Vogelstein, 1990; Holliday et al., 1989; Nowell, 1976 Nowell, , 1986 Weinberg, 1989) . A small percentage of primary cancer cells from cancer patients become immortalized and continue to grow in tissue culture, these are established cell lines. These tumor cell lines are an indispensable tool for cancer research because of their unlimited availability and ease of manipulation. Indeed, tumor cell lines have successfully served as hosts for many gene reconstitution studies that have helped establish cellular pathways and provided useful information on cellular function for a variety of genes (El-Deiry et al., 1993; Grau et al., 1997; Kastan et al., 1991; Owen-Schaub et al., 1995; Zhang et al., 1995) . Analyses of gene mutations or expression in a series of cell lines derived from the same pathological provenance is often the ®rst step towards gaining an insight into the genetic alterations of a particular cancer (Hahn et al., 1996; Hollstein et al., 1991; Kamb et al., 1994) . However, drawbacks of using cell lines have also been recognized. One drawback is that cell lines undergo unpredictable alterations under in vitro culture conditions; this often results in a series of sublines with very dierent phenotypes (Dimery et al., 1983) . On the basis of this information, it is predicted that dierent cell lines of even the same pathological group may have diverse genotypes and phenotypes.
The present study was undertaken to provide molecular evidence of the qualitative and quantitative heterogeneity in gene expression among three human glioblastoma cell lines. Using a cDNA expression array, we simultaneously analysed the expression of 588 cellular genes, which represent about 3% of total transcripts (e.g. 20 000 genes) expressed in a single cell. These 588 genes fall into six dierent functional groups. Statistical analysis provided clear evidence that the three glioblastoma cell lines studied are highly heterogeneous with respect to gene expression. These results reinforce the notion that caution must be exercised when correlative studies using cell lines are conducted.
Results and discussion
To evaluate molecular heterogeneity among three glioblastoma cell lines, U251, D54, and LN-Z308, which are frequently used in our laboratory, cells were grown to 60 ± 70% con¯uency, and mRNAs were isolated from these cells and used to examine the expression levels of 588 known genes using the Atlas cDNA Expression Array. These 588 genes belong to six functional groups, including (1) oncogenes and tumor suppressor genes, and cell cycle regulators; (2) stress response genes, ion channels and transport genes, and intracellular signal transduction modulators and eectors; (3) apoptosis-related genes, and genes involved in DNA synthesis, DNA repair, and DNA recombination; (4) transcriptional factors and general DNA-binding proteins; (5) receptors, cell-surface antigens, and cell adhesion molecules; and (6) cell-cell communication factors. A list of the genes, including array coordinates and GenBank accession numbers, is available at Clontech's World Wide Web site (http:// www.clontech.com/archive/APR97UPD/Atlaslist.htm). The hybridization results are shown in Figure 1 . Each gene is represented by two parallel dots in order to dierentiate speci®c hybridization signal from nonspeci®c background signal, which generally appears as scattered single dots. Based on visual inspection, the three glioblastoma cell lines manifest many dierences in gene expression (Figure 1) . To quantify the Figure 1 Gene expression pro®les of three glioblastoma cell lines. U251, D54, and LN-Z308 cells were cultured to a con¯uency of 60 ± 70%, then mRNAs were isolated and used for gene expression analyses in a cDNA array assay. The blots were exposed to Xray ®lms and autoradiographed. The blot contains 588 genes, divided into six functional groups (a ± f), with nine putative housekeeping genes in the bottom row. The locations of ubiquitin and GAPDH are indicated by arrows. Examples of dierentially expressed genes are indicated. 1, IGFBP-2; 2, HSP27; 3, hepatoma-derived growth factor; 4, ID3; 5, p21 WAF1/Cip1
; and 6, VEGF Figure 2 Distribution of gene expression levels in three glioblastoma cell lines. The cDNA arrays were quantitated using ImageQuant software with PhosphorImager. Gene expression levels were normalized to ubiquitin or the sum of all the genes on the blot, and the folds of dierence over references are represented on the y-axis. Each line represents one of the 588 genes Figure 3 Comparison of gene expression levels among the three cell lines by scatterplot. Each point represents one of the 588 genes, and the location of each point on the scatterplot is determined by the gene expression level in one cell line, represented on the x-axis and the gene expression level in the other cell line, represented on the y-axis. Log results were used for the expression levels. (a ± c) are results normalized to ubiquitin and (d ± f) are results normalized to the sum of all the genes on the blot variability, the membranes were exposed to a Phosphorimager screen, and relative intensity for each gene was measured using ImageQuant software, as detailed in Materials and methods. In order to compare cell line to cell line, an internal reference must be selected. Conventionally, a house-keeping gene, such as GAPDH, is widely used. The Atlas array provides nine house-keeping genes on the blot. From Figure 1 , it is clear GAPDH levels in the three glioblastoma cell lines are rather variable. In comparison, ubiquitin appears to be more uniformly expressed and was thus chosen as an internal reference. Another plausible reference for comparison purposes may be the sum of all the genes on the blot, assuming that the three glioblastoma cell lines express the total of 588 genes at similar levels. This assumption may be reasonable for cell lines that are cultured under the same condition. In this work, the gene expression data were normalized to both ubiquitin and the sum, and the data were input into the Microsoft Excel spreadsheet program and analysed statistically by SPlus program (MathSoft, Inc., Seattle, Washington). Because we could not de®nitively determine which internal reference is more ideal at this stage, analyses based on the two references are presented in parallel. It is anticipated that research will eventually determine an ideal internal reference that will be universally used. Figure 2 shows box-plots for the gene expression for each of the three cell lines. An interesting feature of the distributions is that most values are near zero. Another feature is that D54 and LN-Z308 cells had several genes with expression levels higher than the maximum for U251. Fifty-six genes were not detected in any of the three cell lines. One hundred and thirteen genes were expressed in only one of the three cell lines, and 222 genes were expressed in only two of the three cell lines. A total of 197 genes were expressed to varying extent in all three cell lines.
Dierences in gene expression between two cell lines are best illustrated in a scatterplot, in which each point represents a gene and the location of each point is determined as follows: the x coordinate is the expression level of the gene in one cell line, and the y coordinate is the expression level of the gene in the other cell line. Figure 3a and d are scatterplots of U251 gene expression on the y-axis against D54 gene expression on the x-axis. Small amounts of random noise were added to jitter the points and minimize overplotting. The points were plotted on a log scale because of the skewness of the distributions. An oset of 0.02 was used to avoid taking logs of zero. The identity line (slope=1; intercept=0) is shown to facilitate the assessment of agreement. Figure 3b and e are scatterplots comparing gene expression in U251 Figure 3c and f are for D54 and LN-Z308. In all three cases, most of the points are rather randomly located away from the identity line. In contrast, our preliminary studies using a leukemia cell line, K562, showed that when the same cell line was analysed in two independent experiments with cells harvested in two separate months, the majority of the points were clustered close to the identity line ( Figure  4a ), and visual inspection of the hybridization results failed to detect signi®cant dierences (Figure 4b) .
We also performed rank analysis, which ranks the level of expression for each gene among the 588 genes in the three glioblastoma cell lines. This analysis makes the problem of the internal reference irrelevant since the control is applied uniformly to all 588 genes and hence will not change the relative rankings. The scatterplot results of this analysis showed a rather low rank correlation between each pair of the three cell lines (Figure 5 ), again demonstrating the heterogeneity among the three glioblastoma cell lines.
From the above analyses, it is clear that there are marked dierences in the gene expression pro®les of the three cell lines. The genes with dierent expression in dierent cell lines include many genes that have been the subject of intense research. For example, integrin alpha-3 expression is high in D54 cells but much lower in U251 and LN-Z308 cells. Expression of hepatomaderived growth factor and VEGF is high in U251 cells and lower in D54 and LN-Z308 cells. Consistent with our previous ®ndings p21 WAF1/Cip1 protein is expressed at high level in D54 cells and at low levels in the other two cell lines (Jung et al., 1995) , expression of p21 WAF1/Cip1 mRNA in the three cell lines follows the same pattern on cDNA blot (Figure 1 ). To further validate the cDNA array approach, we performed Northern blotting to analyse the expression levels of p21 WAF1/Cip1 . The results shown in Figure 6 con®rmed the results from cDNA array. Clearly, the ability to analyse expression of a large number of genes simultaneously makes it possible to globally assess cellular heterogeneity at the molecular level. Although results in brain tumor cell lines are reported here, we also observed marked dierences in gene expression between two myeloid leukemia cell lines (data not shown). Therefore, it is not unreasonable to extrapolate the data presented here to other types of Figure 5 Rank correlation of gene expression among three glioblastoma cell lines. For each cell line, the rank of gene expression levels was determined. Each point in the scatterplot represents one of the 588 genes, and the x and y coordinates of each point are determined by the rank of gene expression in each cell line respectively. The rank correlation values for U251 and D54, D54 and LN-Z308, and U251-LN-Z308 are 0.55, 0.40, and 0.52, respectively. Rank correlation of 1.0 represents perfect identity. Stripes (between rougly zero and 150) are seen because expression of these genes was not detected and therefore ranked the same (clustered at the base lines) Figure 6 Detection of p21 WAF1/Cip1 mRNA by Northern blotting. Fifteen micrograms of total RNA from the three glioblastoma cell lines were electrophoresized on a denaturing gel. After transfer to nylon membrane, the blot was hybridized with a radiolabeled p21 WAF1/Cip1 cDNA probe, and autoradiographed tumor cell lines. One lesson to be drawn from the present study is that the simple linkage of a small number of genes to a speci®c cellular phenotype in cell lines is a very restricted approach compard with evaluation using the cDNA array approach.
Materials and methods

Cells
U251 and D54 glioblastoma cells were obtained from the American Type Culture Collection (Rockville, MD, USA). LN-Z308 cells were obtained from Dr E Van Meir (Van Meir et al., 1994) . The cells were maintained in Dulbecco's modi®ed Eagle's medium/Ham's F12 medium (1 : 1) supplemented with heat-inactivated 10% fetal calf serum in a 378C incubator containing 5% CO 2 .
RNA isolation
Total RNA was isolated using TRI reagent (Molecular Research Center, Inc., Cincinnati, OH, USA). Cells were collected by centrifugatioan and washed with PBS. Next, the cells were homogenized in 1 ml of TRI reagent and incubated for 5 min at room temperature. Chloroform (200 ml) was then added, and the mixture was mixed vigorously and incubated for 15 min on ice. After centrifugation at 14 000 r.p.m. for 20 min, the aqueous phase was transferred to a fresh tube, mixed with an equal volume of isopropanol, and incubated on ice for 30 min. Total RNA was collected and washed in 75% ethanol. After con®rmation of the integrity of total RNA on an agarose gel, mRNA was isolated using the Oligotex mRNA mini kit (Qiagen Inc., Santa Clarita, CA, USA) according to the manufacturer's instructions. Two hundred micrograms of total RNA was routinely used for mRNA isolation.
cDNA array hybridization
Gene expression was analysed using the Atlas cDNA Expression Array (Clontech Laboratories, Inc., Palo Alto, CA, USA), a technique whose basic principle can be viewed as reverse Northern blotting. A 3 ml mixture containing 0.5 ± 1 mg of sample mRNA and 1 ml of 106CDS primer (Clontech) was incubated for 2 min at 708C. Afterwards, an 8 ml volume containing 1 ml of 106dNTP, 0.5 ml of dithiothreitol (100 mM), 3.5 ml of [ 32 P]adATP (3000 Ci/ mmol, 10 mCi/ml, DuPont NEN Research Products, Boston, MA, USA), 1 ml of 25 mM MgCl 2 , 1 ml of 106PCR buer (GIBCO BRL, Gaithersburg, MD, USA), and 1 ml of SuperScript II reverse transcriptase (200 U/ml, GIBCO BRL) was added, and the solution was mixed and incubated for 25 min at 508C. The reaction was terminated with the addition of 1 ml of 106 termination mix at room temperature. The reverse transcribed sample was applied to the center of the gel bed in a Chroma Spin-200 column (Clontech Laboratories, Inc., Palo Alto, CA, USA) and allowed to fully absorb into the resin. Successive column washes of 40 ml and 250 ml of diethylpyrocarbonate treated H 2 O were followed by four successive fractionations using 100 ml of diethylpyrocarbonate treated H 2 O. The second and third fractions were pooled, mixed with 22 ml of 106 denaturing solution (1 M NaOH, 10 mM EDTA, pH 8.0), and incubated at 688C for 20 min. Next, 5 ml of human Cot-1 DNA (1 mg/ml, Clontech) and 225 ml of 26 neutralizing solution (1 M NaH 2 PO 4 , pH 7.0) were added, and the labeled cDNA was incubated at 688C for 10 min. Denatured, labeled cDNA was then added to 5 ml of ExpressHyb hybridization solution (Clontech) with 150 mg/ml sheared salmon tests DNA (Sigma, St. Louis, MO, USA), to reach a ®nal probe concentration of 1610 6 c.p.m./ml and freshly applied to the Atlas cDNA Expression Array membrane, which was prehybridized in 10 ml of ExpressHyb hybridization solution at 688 C in a roller bottle overnight. The membrane contains cDNA fragments representing 588 human genes. Each cDNA fragment is 200 ± 500 bp long and is selected as a unique sequence without poly(A) tail, repetitive elements, or highly homologous sequences to minimize cross-hybridization and nonspeci®c bindings of cDNA probe. The amount of each cDNA fragment on the membrane is 10 ng, and each cDNA fragment is immobilized in duplicate. Hybridization proceeded overnight at 688C in a roller bottle. Membranes were stringently washed with agitation (40 r.p.m.) For 20 min in 200 ml of prewarmed (688C) solution 1 (26 standard saline citrate, 1% sodium dodecyl sulfate) four times and solution 2 (0.16 standard saline citrate, 0.5% sodium dodecyl sulfate) two times. Afterwards, membranes were rinsed in 0.16 SSC and exposed to X-ray ®lm for 30 min to 6 h at 7808C.
PhosphorImaging analysis
Membranes were exposed to a Phosphor Screen overnight and scanned using a Storm 840 PhosphorImager (Molecular Dynamics, Inc., Sunnyvale, CA, USA) (pixel size, 100 microns; PMT voltage, 750 V; local average background correction).
Quantitation of gene expression
Autoradiographic intensity was analysed using ImageQuant software (version 1.1, Molecular Dynamics). A grid function was applied to the phosphorimage of the blot to enclose each individual signal. The intensity of the hybridization signals linearly correlates with the concentratioan of target mRNAs present in the total mRNA population since the amount of target cDNA attached to the membrane is in excess (10 ng) and the background level is suciently low. The expression level for each gene was quanti®ed (listed under the Volume column in the data spreadsheet) after background correction in the Local average Correction mode. Local average Correction mode was selected because background signals are not evenly distributed. Expression was considered negative in the cases where a negative value was recorded. Positive values range from two to 139 838 among the three cells lines. A caveat of this quantitative analysis is that the accuracy for the extremely low abundant genes may not be reliable because of the detection limitation. In addition, the values of the transcripts of low abundance are more subject to in¯uence by background correction.
